[1] In this study we determine relationships between auroral brightness and each of the solar wind density and velocity under normal interplanetary magnetic field (IMF) conditions using Polar Lyman-Birge-Hopfield long band ($170.0 nm) images and Interplanetary Monitoring Platform 8 solar wind data. Since IMF and season are parameters that can affect the auroral brightness, the determination of the relationships is performed on the basis of the IMF B z polarity and season to reduce some contamination from these two parameters. It is found that for southward IMF and the winter case the solar wind density and velocity increase the auroral brightness mainly on the nightside. For southward IMF and the summer case the density and velocity also increase the auroral brightness mainly on the nightside, but the increase is not as large as that for southward IMF and the winter case.
[1] In this study we determine relationships between auroral brightness and each of the solar wind density and velocity under normal interplanetary magnetic field (IMF) conditions using Polar Lyman-Birge-Hopfield long band ($170.0 nm) images and Interplanetary Monitoring Platform 8 solar wind data. Since IMF and season are parameters that can affect the auroral brightness, the determination of the relationships is performed on the basis of the IMF B z polarity and season to reduce some contamination from these two parameters. It is found that for southward IMF and the winter case the solar wind density and velocity increase the auroral brightness mainly on the nightside. For southward IMF and the summer case the density and velocity also increase the auroral brightness mainly on the nightside, but the increase is not as large as that for southward IMF and the winter case.
Introduction
[2] The north-south component of the interplanetary magnetic field (IMF) and solar wind dynamic pressure are most important parameters that control the energy transfer from the solar wind to the magnetosphere. Auroral phenomenon is a manifestation of the coupling of the magnetosphere-ionosphere system. The occurrence rate of auroral arcs is high when the IMF is southward and low when the IMF is northward [Lassen and Danielsen, 1978] . The other components of the IMF also affect the auroral brightness, but their effects are not as strong as the B z effect. The auroral power in the premidnight sector for negative B y is higher than that for positive B y in the Northern Hemisphere [Liou et al., 1998 ]. They interpreted this B y asymmetry as being due to a partial penetration of IMF B y from the solar wind into the magnetosphere [Fairfield, 1979; Cowley and Hughes, 1983; Lui, 1984; Wing et al., 1995] , leading to an interhemispheric current adding to or subtracting from existing field-aligned currents. Elphinstone et al. [1990] and Shue et al. [2002] found strong auroral emissions for B x < 0 based on observations over the northern polar region.
[3] It is also known that changes in the solar wind dynamic pressure can create variations in the auroral brightness. A sudden increase in the dynamic pressure, associated with an interplanetary shock, produces a short duration ($10 min) of the enhanced dayside auroral brightness [Craven et al., 1986; Spann et al., 1998; Zhou and Tsurutani, 1999; Tsurutani et al., 2001] . The aurora first brightens near noon and thereafter propagates along the dawnside and duskside auroral oval toward midnight. Pure solar wind density enhancements with a relatively constant IMF can also enhance the auroral brightness. Kamide et al. [1998] and Hairston et al. [1999] presented an event of this kind, showing that the aurora increases its brightness at all local times almost instantaneously with the dynamic pressure impulse.
[4] Craven et al. [1986] studied auroral images obtained from Dynamic Explorer 1 and found that the auroral intensification by interplanetary shocks in the northward IMF case is not as strong as that in the southward IMF case, indicating that the orientation of the IMF significantly affects the relationship between the dynamic pressure and the aurora. It is also known that season plays an important role in the auroral particle precipitation due to the ionospheric conductivity effect [Newell et al., 1996] . Shue et al. [2001a] have shown higher auroral brightness in the afternoon and early morning sectors and lower auroral brightness in the premidnight sector for higher background conductance.
[5] Most of previous studies used the solar wind dynamic pressure as a whole to study its relationship with the auroral brightness. However, here we separate the solar wind density and velocity from the dynamic pressure, examining how each of them individually affects the auroral brightness, because the physical process underlying the interaction between the magnetosphere and each of the solar wind density and velocity is clearly different. The enhanced dynamic pressure associated with the enhanced density JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. A12, 1428 , doi:10.1029 /2001JA009138, 2002 Copyright 2002 by the American Geophysical Union. 0148-0227/02/2001JA009138$09.00 may compress the dayside and nightside magnetosphere, creating particle precipitation and auroras at all local times if the plasma is contained in the magnetosphere [Zhou and Tsurutani, 2001] . The enhanced dynamic pressure associated with the enhanced velocity may compress the dayside magnetosphere. The solar wind velocity may also generate an electric potential in the auroral ionosphere by the subsolar magnetic merging under southward IMF conditions and create field-aligned currents into the ionosphere by the Kelvin-Helmholtz instability occurred on the flanks of the magnetosphere.
[6] Auroral images obtained by the Polar Ultraviolet Imager (UVI) give us unprecedented opportunities to study global auroral phenomena under various solar wind conditions. In this study we categorize UVI images by combinations of two IMF B z orientations (northward and southward) and two seasons (summer and winter) and relate the auroral brightness with each of the solar wind density and velocity in each category. In this way we can understand how their relationships change with the various IMF and seasonal conditions. The derived relationships can be used to improve the accuracy of forecasting auroral activities for space weather.
Data
[7] The Polar UVI has provided global auroral images since 1996. For more details about the instrument, readers are referred to Torr et al. [1995] . In this study we use the Lyman-Birge-Hopfield long (LBH-long) band ($170.0 nm), because auroral intensity in this band is approximately proportional to the total energy flux [Strickland et al., 1993; Germany et al., 1994] . The spatial resolution of the Polar UVI images is $20 -40 km, while the altitudes of Polar were greater than 4 R E geocentric distance. We use the UVI images from January 1997 to August 1998. Overall, $27,000 images in winter and $31,000 images in summer were taken. A series of calibrations have been performed to subtract background emissions, convert counts to photon fluxes, correct flat field and nadir-looking platform effects, and subtract dayglow emissions from the images [Brittnacher et al., 1997; Liou et al., 1998 ]. Pixels of these images are averaged over a 1-hour UT interval in a uniform grid system of 0.5 hour in magnetic local time (MLT) and 1°i n magnetic latitude (Mlat).
[8] The Interplanetary Monitoring Platform (IMP) 8 satellite is in an orbit with geocentric distances from 25 to 45 R E , providing reliable solar wind measurements at the Earth's orbit. We obtain the corresponding solar wind conditions for the 1-hour averaged UVI images using 1-hour averaged IMP 8 solar wind data without considering any time delay. Shue et al. [2001b] have shown that the general features of auroral patterns derived from hourly average solar wind data are consistent with results derived by Liou et al. [1998] who used 5-min resolution Wind interplanetary data. This consistency implies that hourly averaged data are appropriate to this statistical study for large-scale auroras. The location of IMP 8 is not taken into account, because the convection time between IMP 8 and the Earth is within 12 min, much smaller than 1 hour. Note that hourly average IMP 8 data we used are from NASA OMNI web. These hourly data were averaged in a way, for example, for 0100 UT, covering from 0100 to 0200 UT. Thus we average the UVI data in the same way when the hourly IMP 8 measurements are available.
[9] Dependence of auroral brightness on the solar wind density and velocity is usually smaller than that on the IMF B z effect. To accurately study relationships between auroral brightness and each of the solar wind density and velocity, we first need to impose some criteria on the B z condition to reduce the derived relationships being contaminated by the B z . A criterion on the absolute value of the B z has been set to <6 nT to reduce a contamination by few events with a large B z . Images for jB z j < 1 nT have been discarded, because the field direction may be meaningless if the magnitude of B z is too small.
[10] We then divide the data set into four categories based on the polarity of IMF B z (northward and southward) and season (summer and winter). The average northward (southward) is 2.4 (À2.6) nT for the summer category. For the winter category, the average northward (southward) is 2.3 (À2.7) nT. Pixels in each category are separated into 48 Â 40 groups by a grid system of 0.5 hour MLT and 1°Mlat. We further bin the data points in each group into several bins in the range of the density or velocity. We then apply a linear least squares fit to the average values of the bins in each group to calculate the slope of the fit. The slope indicates how much of auroral brightness increases under a unit increase in the density or velocity.
[11] Nonuniform distribution in the solar wind density or velocity may significantly affect the accuracy of derived relationships. Thus it is essential to remove data points with a very large or very small density or velocity. We impose a constraint on the velocity (300 < V p < 450 km s À1 ) when we correlate the density with auroral brightness and impose a constraint on the density (5 < N p < 15 cm À3 ) when we correlate the velocity with auroral brightness.
Results
[12] We divide data points in each density group into several bins with a width of 2 cm À3 centered at a multiple of 1 cm
À3
. Figure 1 shows example results of the auroral brightness versus the solar wind density for a group at 0000 MLT and 65°Mlat. Crosses denote average values of the bins. The confidence level of an average value is defined as the standard error of the mean, which is calculated from
, where the s is the standard deviation in the bin and N is the total number of data points in the bin. The confidence level is shown as a vertical bar on a cross. We discard bins with a confidence level which is greater than 6 photon cm À2 s
À1
. We then apply a linear squares fit to the data points, calculating the slope of the line. The goodness of the fit (c) is defined as the standard derivation between the fitted values and the observed values and are given on the top of each panel. The slope of the fitted line gives us the relation between the auroral brightness and the solar wind density. Since we overlap data points between two adjacent bins, the data points in each bin are not statistically independent. In this way the absolute values of the confidence level of the mean and the goodness of the fit are not very meaningful. However, their relative values have some meaning. For example, the goodness of the fit becomes larger for the southward IMF than for the northward IMF, indicating higher variations of auroral activity for southward IMF. Also the data distribution is usually not Gaussian, which may add some complication on the uncertainty estimation.
[13] It is found that the slope of the fitted line is very small for northward IMF, 0.091 photons cm s À1 for summer and 0.094 photons cm s À1 for winter. This indicates that the solar wind density increases the auroral brightness only a little for northward IMF. However, the slope for southward IMF is much larger than that for northward IMF. Moreover, under the similar southward IMF condition, the slope is higher for winter (2.115 photons cm s
) than for summer (0.779 photons cm s
). This indicates that season also affects relationships between the auroral brightness and solar wind density. The result is consistent with that of Newell et al. [1996] who concluded that season plays an important role in auroral particle precipitation. The compression may create field-aligned currents flowing into or out of the ionosphere . When ionospheric conductances are insufficient to support imposed field-aligned currents from the magnetosphere, an unstable situation will occur. The resulting acceleration to keV energy creates sufficient conductances and hence currents to close the circuit.
[14] We use the same procedure applied to the group at 0000 MLT and 65°Mlat to calculate the slopes for all groups. Figure 2 shows the slope distributions of relationships between auroral brightness and solar wind density. The maximum and minimum values of the color bar shown at the bottom of the right column are fixed for both the northward and southward IMF for purposes of comparisons. The slopes for the northward IMF are much smaller than those for the southward IMF. For the southward IMF, the large positive slopes appear on the nightside, indicating that the solar wind density increases the auroral brightness mainly on the nightside. The maximum slope for summer is 0.978 photons cm s À1 at 0100 MLT. For winter the maximum slope is increased to 3.100 photons cm s À1 at 0130 MLT. This clearly shows that season is an important factor for the auroral generation.
[15] We use the same procedure applied to the solar wind density for the solar wind velocity. We further bin the data points in each velocity group into several bins with a width of 200 km/s centered at a multiple of 100 km/s. We discard bins with a confidence level which is greater than 3 photon cm À2 s
. Figure 3 shows example results of the auroral brightness versus the velocity for a group at 0000 MLT and 65°Mlat. The slope is small for northward IMF. The slope is larger for winter (0.023 photon cm À2 km
) than for summer (0.017 photon cm À2 km À1 ) under the similar southward IMF condition. Similar to the fit for the density, the goodness of a fit is larger for southward IMF than for northward IMF. Figure 4 shows the slope distributions of relationships between auroral brightness and velocity for all groups. For the northward IMF, the maximum value of the slope distribution (0.011 photons cm À2 km
) for winter is located at midnight. The location of the maximum is shifted to 0330 MLT for summer. For the southward IMF the maximum value of the slope distribution for winter is 0.041 photons cm À2 km À1 at 2330 MLT. The large slope region in the early morning sector extends to the late morning sector for the summer category.
[16] We have calculated the slope distributions of the relationships between the auroral brightness and each of the solar wind density and velocity. One may raise a concern about what the relationships look like if we relate the auroral brightness to the solar wind dynamic pressure instead of each of the solar wind density and velocity. Thus we also apply the same procedure to the dynamic pressure. We divide the data points into several bins with a width of 2 nPa centered at a multiple of 1 nPa. Example results for a group at 0000 MLT and 65°Mlat are shown in Figure 5 . Like the relationships for the density and velocity, the slope is small for northward IMF. ). The goodness of fit is larger for southward IMF than for northward IMF. Figure 6 shows ) is located at midnight for the winter category. The slope distributions of the relationships between the auroral brightness and the solar wind density, velocity, and dynamic pressure have provided a consistent picture. For example, for the winter and southward IMF category the maximum slope for the density is at postmidnight (Figure 2d ) and the maximum slope for the velocity is at premidnight (Figure 4d ). Thus it is expected that the maximum slope for the combined effects of the density and velocity is at midnight. Indeed, we have the maximum slope for the dynamic pressure at midnight (Figure 6d) . Also, for the summer and southward IMF category, the maximum slope for the density is at postmidnight (Figure 2b ) and the maximum slope for the velocity is also at postmidnight (Figure 4b ). In Figure 6b the slope distribution is shown to be maximum at postmidnight, as expected from the combined effect.
Discussion
[17] The auroral patterns from Shue et al. [2001b] have shown that the center of the auroral oval is in general shifted to the dawnside under southward IMF conditions. This tendency is consistent with the upward field-aligned current pattern from Iijima and Potemra [1978] with the center of the linked region 1 currents on the duskside and region 2 currents on the dawnside shifted dawnward. The enhanced upward field-aligned currents result in an increase in particle precipitation and hence auroral luminosity. The feedback mechanism proposed by Ogawa and Sato [1971] suggests that an unstable situation occurs when the ionospheric conductance is not sufficient to support the imposed field-aligned currents from the magnetosphere. This leads to an acceleration of precipitating electrons, that is, an increase in the average energy of the electrons. The premidnight region is where the feedback mechanism most likely takes effect [Newell et al., 1996] . Fujii and Iijima [1987] suggested that the field-aligned currents on the dayside are mainly driven by a voltage generator and the field-aligned currents on the nightside are driven by a combined current and voltage generator.
[18] The goal of this study is to understand how the auroral brightness responds to the solar wind density and velocity macroscopically. When we average high-resolution images to hourly ones, it may wash out some small-scale phenomena, for example, the sudden auroral brightness near noon ($10 min) due to an interplanetary shock. In addition, the occurrence rate of interplanetary shocks is 26 events per year [Zhou and Tsurutani, 2001] . This low occurrence rate also contributes to the results that we do not see good relationships on the dayside from this statistical study.
[19] The solar wind electric field imposed on the polar cap is small when the IMF is northward. However, viscous mechanism on the flank can create a small portion of the polar cap potential [Reiff et al., 1981] and hence drive a small convection flow, resulting in a small field-aligned current and weak auroral brightness. During southward IMF the polar cap potential imposed by the solar wind is strong, resulting in strong convection flows, field-aligned currents, and auroral brightness. Shue et al. [2001a] have shown that an increase in the background conductance enhances the auroral brightness in the early morning sector. The auroral intensity in this sector is higher in summer than in winter. As a first approximation, the high auroral intensity can be regarded as the high conductance. The high conductance, along with the convection increased by solar wind velocity, is responsible for the stronger relationships in the early morning sector than in the other sectors for summer. As to strong relationships in the premidnight sector for winter, the feedback mechanism would account for the difference.
[20] The energy is stored in the magnetotail when the IMF is southward. A compression on the magnetotail by the solar wind dynamic pressure (associated with the density) would trigger an instability and hence disrupt the current sheet, resulting in a strong field-aligned current and precipitating electrons into the nightside ionosphere [Zhou and Tsurutani, 2001] . This would explain why the density effect on the auroral brightness is mainly on the nightside. As discussed in the beginning of this section, the premidnight sector is a region where both the current and voltage generators affect the field-aligned currents. The conductance is usually high in the premidnight sector due to the high occurrence rate of substorm activities in this region. The ionospheric convection increases as the solar wind velocity increases. The combined effects of the electric field and conductance result in strong field-aligned currents in the premidnight sector for winter. For summer the viscous process on the flank takes effect in the early morning sector. The resultant peak is shifted from premidnight to postmidnight.
[21] In this study we consider the solar wind density and velocity separately rather than the combined dynamic pressure. In this way we can have more detailed understanding of the relationships than ever before. For example, in the winter and southward IMF category, the density increases the auroral brightness mainly at postmidnight and the velocity increases the auroral brightness mainly at premidnight. The location of the resultant effect is located in the midnight sector, as what we exactly see in the slope distribution for the dynamic pressure in Figure 6d . If we did not separate the two parameters, we would not have had this understanding.
[22] Since IMF B z is correlated with solar wind density, one may think that the density control of auroral brightness may be contaminated by IMF B z . However, the correlation coefficient between IMF B z and solar wind density for southward IMF is À0.12 based on Table 1 of Liou et al. [1998] . We believe that this poor correlation will not significantly affect the density control. Also, a density enhancement in the solar wind was observed at 1030 -1130 UT, 10 January 1997, while other solar wind parameters (V p , IMF, and thermal speed) were relatively constant [e.g., Shue and Kamide, 2001] . The auroral images of this event (see Kamide et al. [1998] or Hairston et al. [1999] ) clearly show that the auroral brightness increases with the density enhancement. This increase is manifested mainly on the nightside, which is consistent with what we find from this study. In summary, this event enables us to demonstrate the solar wind density control of the auroral brightness.
Conclusions
[23] We systematically examine relationships between auroral brightness and each of the solar wind density and velocity under combinations of the two IMF B z (northward and southward) and the two seasonal (summer and winter) conditions. We have following new findings from the analyses of the results:
1. The solar wind density increases the auroral brightness mainly on the nightside, with the maximum effect at postmidnight, for southward IMF and the winter case. This density effect for southward IMF and the summer case is not as large as that for southward IMF and the winter case.
2. The solar wind velocity increases the auroral brightness mainly on the nightside, with the maximum effect at premidnight, for southward IMF and the winter case. This velocity effect for southward IMF and the summer case is not as large as that for southward IMF and the winter case.
[24] These new findings further support that season is also an important factor to modulate the interactions between the solar wind and the auroral ionosphere.
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